ABSTRACT A dielectric barrier discharge in Xe-Cl 2 mixtures has been investigated numerically in a wide range of operating conditions with the purpose to study their effects on the XeCl * excimer radiation by means of a 1-D fluid model. First, a simplified chemical kinetics scheme is proposed and validated by benchmarking with the long chemical kinetics. These results show a limited loss of accuracy of discharge properties, while it is two times faster in computational time as compared with the complete version. The simulated results demonstrate that the discharges are typically Glow-like. During the breakdown, the cathode fall region is contracted to 85 µm. At that instant, the number density of XeCl * molecules in the sheath is maximum, and the principal channel of the XeCl * generation is harpoon reactions. The UV-B radiation dependence on the total gas pressure, voltage amplitude, and frequency of power supply and gap width has been analyzed. It was shown that the maximal radiative efficiency of UV-B emission is obtained at low gas pressure, high alternating voltage frequency, and high gap width. The radiative efficiency slowly depends on amplitude of the source alternating voltage. In addition, the emission power of the B→X band of XeCl * molecules grows when frequency or amplitude of the source voltage increases as well as when pressure decreases, but the emission power depends weakly on the gap width. Furthermore, the most part of the power deposited in the gas goes into heating electrons and lesser part goes into heating ions in the cathode fall.
I. INTRODUCTION
Radiation of the exciplex lamps, emitting non-coherent narrow-band UV-B light (280-320 nm), is mainly absorbed by epidermal components of skin [1] and is considered as UV phototherapy radiation. The lamps allow both a reduction of equipment cost comparing with the excimer lasers and magnification of the irradiated target surface. More than 90% of the DBD XeCl * excilamp radiant energy is within the antipsoriasis action spectrum [2] . Thus, this excilamp is also a good variant for psoriasis curing, which was proposed for the first time in 1994 by Oppenlaender [3] .
The phototherapy action is due to the effect of UV-dose of excilamp radiation on kinetics of deoxyribonucleic acid (DNA) fragments owing to direct DNA damage by the UV-photons absorbed in the human skin and indirect DNA damage by free radicals and reactive oxygen species generated in bimolecular reactions of excited chromophores with other molecules [4] , [5] . UV-dose represents the total amount of absorbed energy, as product of irradiance and time of irradiation.
The modeling of excilamp irradiance is a subject of many models (e.g., [6] , [7] ), in which the total UV power emitted from the lamp is the key parameter in their formulas. For example, the simple analytical model used the inverse square law to approximate light irradiance is depending on the total emitted power of the XeCl * excimer lamp [8] .
The XeCl excilamp can emit a number of atomic lines and molecular bands at different wavelength. If experimentally, we can easy measure the intensity of radiation at 308-nm with the UV-B Light Irradiance Meter, it is not a case of the theoretically research, which requires judicious calculation for accurate modeling the dose-response in phototherapy of skin disease, so we must accurately calculate the spectral irradiance of the XeCl excilamp at 308 nm band. This later is just related to the UV-B power density of the lamp.
In phototherapy treatment, the dose may be increased with each successive session to reach the maximum dose of 1.5 J/cm 2 for about one or two weeks depending of patient phototype, so that it is time consuming and expensive [9] . To achieve the same clinical effect with a fewer number of sessions and a lower cumulative dose, the excilamp devices with very high power density is required.
Much of the literature presents research that aims to optimize the DBD UV sources of rare gas -halide excimers (such as ArCl * , KrCl * , XeCl * and XeBr * ). The reader can find some examples of modeling (e.g., [10] - [13] ) and experimental works (e.g., [14] - [19] ) in this area reported about high radiation efficiency of the lamps and their capability to cover a wide range of UV spectrum. In addition, the reader can find in our previous investigations that the optimal chlorine concentration to achieve the maximal radiation efficiency is about 0.5% for Xe-Cl 2 mixtures [16] . This chlorine concentration in the mixture is adopted in this study.
In our previous model of XeCl excilamp [20] , we studied the formation and quenching of XeCl * exciplex molecules using the long plasma chemistry scheme, which have been shown to be very time-consuming for simulating effects of different discharge conditions.
The simplified chemical kinetics is often required to make the modeling more practical. Over the years, a large number of simplification methods have been proposed in algorithms of simulation of chemical kinetics of combustion, reactive transport, air pollution, plasma chemistry, etc [21] . Our reduction technique is based on lessening the number of reacting species and reactions using comparison of reaction rates. The number of reactions in simplified model depends on the demanded accuracy of the model. We have used a general simplification method that allowed decrease the number of species and reactions with a minimal loss of precision by analyzing the partial-to-total rate ratio (PTRR) with the help of 0D modeling. This method results in a simplified set of chemical reactions (39 reactions for 13 species) justified by the good agreement of the simulated discharge properties with the discharge properties obtained using a long set of chemical reactions.
The present work is a continuation of a previous work [20] , with the aim to analyze the discharge behavior in the Xe-Cl 2 mixture, and to systematically investigate the effects of the operating conditions on the radiation efficiency of XeCl * molecules at wavelength of 308 nm and on the UV-B emission power of the excilamp.
II. PHYSICAL AND NUMERICAL MODELS A. FLUID MODEL
The temporal and spatial behaviour of non-equilibrium partially ionized gas that consists of electrons, negative and positive charged ions can be described by the classic drift-diffusion theory in 1-D geometry. Electron temperature T e can only be estimated by empirical means and is assumed to have a constant value less than two eV. A consistent electric field is obtained by solving simultaneously the Poisson equation and plasma-dynamics as follows:
where subscript i indicates the ith charged species, n i is the density, i is the flux in the drift-diffusion approximation, S i is the net source term consists of contributions from the reactions that create or destroy the particles of the given type i. The source or the sink term for each reaction r is given as a product of the total number of created or destroyed particles C r,i in the given reaction, the densities of the reacting species n i and the rate coefficient k r . The net source term for the given species S i is given as the sum over all the relevant reactions. The first term in the drift-diffusion equation is the drift flux, characterized by the particle mobility µ i , proportional to the imposed electric field in the system E(z, t). The second term is the diffusive flux, proportional to the gradient of the particle density and the diffusion coefficient D i . q i is the charge, and ε 0 is the permittivity in vacuum. The input power P in to the discharge and output UV power P out,k after calculation of the steady state spatio-temporal distributions of the excited species densities during a voltage cycle are:
Here n k (z, t) is density of k-th kind excited species, ν k is radiation frequency of the species, τ k is the life time of the excited species, E(z, t) is intensity of the electric field, j c (t) is the conduction current density, h is the Plank's constant, t is time, T is period of the voltage cycle, z is the spatial coordinate, z B1 and z B2 are coordinates of the gas gap beginning and end.
The radiation efficiency η k for the excited species of k-th kind is calculated as ratio of the radiation power of the species P out,k to the input power P in .
Boundary conditions of electrons are determined by the electron flux. The ions are assumed to be mobility limited at the boundaries. The boundary fluxes of metastables and chlorine atoms are assumed to be thermally limited, more details are described elsewhere [20] .
B. NUMERICAL METHOD
The system of partial differential equations (1), (2) subject to their appropriate boundary and initial conditions was solved by the method of lines [22] , [23] . In these methods, the spatial derivatives are descretized by using finite difference approximations. Thus, the nodal values of each dependent variable become unknown functions of time.
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The discretization is performed by the control volume (CV) method [24] on a quasi-uniform mesh [25] . That takes into account the specific behavior of the dependent variables, namely, their large gradients at edges. Vectorial components such as fluxes and electric field are discretized at the CV edges, scalar values such as particle densities and potential at the CV centres. Electron and ion fluxes are estimated by the Scharfetter-Gummel approximation [26] .
After discretization, equations (1) resulted in a system of ordinary differential equations, whereas equation (2) resulted in a system of algebraic equations. This set of coupled differential-algebraic equations was solved using the multi-step backward differentiation method, e.g. the Gear method [27] .
C. INPUT CONDITIONS
The DBD lamp in the simulation is plane-parallel arrangement of electrodes covered with dielectric layers, as shown in Fig. 1 . The parameters and operating conditions used in this work are shown in table 1. 
D. SIMPLIFICATION IN PLASMA CHEMISTRY
For powerfull 1-D fluid modeling, we need to simplify the complex plasma chemistry of our previous model of the discharge in Xe-Cl 2 mixture [20] including 78 chemical reactions linked between 21 species, to a set of chemical reactions, which can significantly diminish the runtime without losing the accuracy.
The fundamental principle of chemical kinetics simplification is to select those species and reactions based on a criterion which play principal role in the plasma chemistry. Our simplification method is based on the assessment of a partial-to-total rate ratio PTRR (5): in the simplified scheme of plasma chemistry were kept the reactions with PTRR greater than 1% for considered species. Moreover species, which density compared with density of other species was very low as well as was small their direct and indirect deposit into conductivity and emission of the discharge during all voltage cycle, were excluded from consideration. All reactions that create or destroy the excluded species were removed from the reaction set.
The sensitivity assessment is used to determine the dominant reactions that are the most relevant to the considered species as described above [28] . The PTRR assessment is used to determine major reactions that create or destroy the selected species. The PTRR for partial reaction can be determined as
where R i,k = k i n A n B represents rate of the ith reaction of the kth selected species (partial rate), which has units m −3 s −1 , k i is the rate constant, n A and n B are the densities of reactants A and B in the ith reaction; and m is the total number of reactions of the kth selected species. m j=1 R j;k represents the total rate of creation/destruction of k th species.
For Xe-Cl 2 mixtures with chlorine concentration of 0.1 − 5% we have obtained set of simplified plasma chemistry consisting of 13 species and 39 reactions (Tables 2, 3 ). The overall precision of calculation of the number densities for the selected species is quantified by the mean squared error (MSE) as Here N represents the total number of selected species in the simplified chemistry; n il represents the number density of the ith selected species obtained using the long chemistry and n is represents the number density of the ith selected species obtained using the simplified chemistry.
The calculated results show that the MSE of the selected species is less than 3-5 %, and the computation time is decreased by a factor of 2 using the simplified plasma chemistry.
The calculation efficiency is enhanced because the numbers of species and reactions are simplified considerably. In addition, all the densities of the charged, excited and neutral species calculated using the simplified chemistry are in good agreement with the densities calculated using the long chemistry. The simplified chemical kinetics is selected for modeling the Xe-Cl 2 DBD because of its excellent precision and acceptable computational time for extensive parametric study.
III. RESULTS AND DISCUSSION

A. ELECTRICAL CHARACTERISTICS AND POWER DISSIPATION
We illustrate, using the 1-D simplified model described above, the formation and quenching of a single discharge in a mixture of 0.5% Cl 2 in xenon. The gap width d g is 6 mm, the pressure p is 200 torr, and applied sinusoidal voltage is of 5kV amplitude and 100 kHz frequency. There is one single current pulse in each half cycle of the power source with precise repetition in time and reverse current spike when the electric field is reversed. Typical waveforms of stable discharge are shown in Fig. 2 , representing the enlarged on time scale current density pulse and voltage drops across the gap and dielectrics in the positive half cycle of the applied voltage. One can see on this figure that a discharge is initiated in the gap after a time delay of about 500 ns. The discharge current density increases abruptly after t = 500 ns and reaches a peak at 30 mA·cm −2 in about 50 ns. Then the current density decreases rapidly and reaches a value close to zero less than 50 ns after the peak.
The decrease of the current density is due to the charging of the dielectric layers by electrons and ions generated in the discharge volume and flowing to the dielectrics.
This can be clearly seen on the time evolution of the voltage across the gas V g , which starts to decrease during the fast current increase and goes to 0.8 kV at the end of the discharge current pulse.
To understand the change in the discharge structure of the Xe-Cl 2 DBD, we investigated the related power absorption. Fig. 3 shows the temporal distributions of power absorption of electrons and positive and negative ions over a cycle for three different gap widths of the DBD.
The results show that electrons dominantly absorb power during the gas breakdown and ions absorb power mainly during afterglow. It is clearly seen that as the gap width of the discharge increases, the magnitude of electronic peaks of power deposition decreases slightly, their corresponding times are shifted when the gap width increase, these times correspond to times of breakdown and this peaks induce the abruptly increase of the current density in the discharge.
It is found, approximately 95% of the total power is dissipated in heating electrons during the current spike and 5 % is dissipated in heating ions, mainly negative ions, during afterglow.
B. DISCHARGE PROCESS
It is known that atmospheric pressure DBDs can operate in two discharges modes, i.e. glow mode and Townsend mode, characterized by different electrical characteristics.
This type of discharge mode is reflected in the spatial profiles of the electric field and the species densities. Fig. 4 depicts the spatial distribution of the electric field, number density of electrons, positive ions, negative ions, and XeCl * excimers in the gap at six different times of the discharge pulse. These times (t/T = 0.0225, 0.055, 0.0575, 0.06, 0.07, 0.09) are indicated by the asterisks on the current density curve of Fig. 2 .
At t 1 /T = 0.0225, the discharge is characterized by three regions: 1) the anode sheath with negative space charge of the negative ions Cl − generated by electron attachment (e + Cl 2 → Cl + Cl − (R2)); 2) the positive column with the quasi-neutrality between positive (Xe + 2 ) and negative (Cl − ) ions, this region with quasi-nul space charge and low number density of electrons occupy quasi-completely the gap; 3) the cathode fall region with positive space charge of Xe + and Xe + 2 ions, in the cathode fall the electric field decreases linearly to negative value of −10 kV·cm −1 at dielectric surface. Existence of this three regions is typical feature of the Glow-like discharges.
The similar characteristics of the discharge are repeated for three instants t 1 , t 2 , t 3 with always existence of this three regions. At these instants the number density of electrons increases approximately exponentially with distance from the cathode and the maximum electron density is near the anode.
As one can see, there is fast growth of electron and XeCl * densities from one instant to another in both cathode fall and positive column, at t 3 the electron density becomes superior than that of negative ions in the cathode fall and about 10 16 m −3 in the positive column (Fig. 4a-c) .
On these time scales, the electrons leave behind the positive ions just after the ionization events, and the positive space charge gradually accumulates until the electric field of to the positive space charge is sufficient to retain the electrons and thus plasma is formed in the positive column. The positive column region fast expands toward the cathode side of the discharge maintaining good quasi-neutrality between positive ions and electrons, as we can see at time instant t 4 ( Fig. 4d) .
At this time, the electric field near the dielectric surface reachs maximum of the order of −19 kV·cm −1 that caused a peak in current density, the cathode fall region is contracted into sheath of 85 µm, in which the number density of XeCl * molecules, generated principally by harpoon reactions (Xe * m + Cl 2 → XeCl * + Cl (R35) and Xe * r + Cl 2 → XeCl * + Cl (R36)), is maximum about 1.96·10 18 m −3 . After this time, the small cathode fall still remains, the electric field and the number density of XeCl * near the dielectric surface at successive time instants decrease further (Fig. 4e, f) , moreover at time instant t 6 the anodic sheath almost disappears.
C. PARAMETRIC STUDIES
In literature, there is several experimental and theoretical works, focused on the lamp efficiency ( [12] - [14] , [16] - [19] ).
In this study four parameters, which include amplitude and driving frequency of the power source, gas pressure, and gap width between electrodes, are varied systematically to study their effects on the efficiency of the UV-B emission of 308 nm band and the power deposition in the plasma. Fig. 5(a) and (b) show the efficiencies (i.e., η 147 , η 172 and η 308 ) and the UV emission power of the xenon resonance state Xe * r , the Xe * 2 excimer and the XeCl * exciplex at various gas pressures under voltage frequency of 100 kHz, amplitude of 4.25 kV and gap width of 4 mm.
1) EFFECT OF GAS PRESSURE VARIATION
Emission of Cl * 2 and Cl * is neglected in the model because of fast conversion Cl * 2 into XeCl * at collision with Xe and fast excitation transfer from Cl * to Xe.
Simulation results show that emission of XeCl * band at wavelength 308 nm predominates in the DBD emission, its efficiency η 308 increases from 15 to 35% when gas pressure decreases from 300 to 100 torr, at 100 torr the UV emission power is maximum of about 1.2 W·cm −3 . Radiation efficiency of Xe * r η 147 and Xe * 2 η 172 varies in a smaller range with an increase in the total gas pressure, except the pressure of 200 torr, where unexpected high (∼12%) radiation efficiency is observed at wavelength 172 nm (Xe * 2 radiation). Fig. 5(c) shows distribution of the power deposition between different types of charged species at various gas pressures.
The power absorbed by the electrons increases almost linearly with increasing pressure from 150 to 300 torr, and reaches a maximum value of 3 W·cm −3 at pressure of 300 torr. Fractions of the power deposition in different charged species change to a very slight degree at different pressures, that can be seen from Fig. 5(d) (ratios of absorbed to total power for different charged species).
Furthermore, the power absorbed by the negative ions Cl − is ordinarily greater than that absorbed by the positive ions, at varying gas pressure within 100 -300 torr.
One can see, the power deposited into discharge increases with pressure but radiation efficiency on contrary decreases. This behavior of the discharge parameters results in existence of an optimal pressure for getting maximal power of XeCl * emission.
This deduction well agrees with measurements of Pipa et al. in which they found that UV-B pulse energy in all examined XeCl * excilamps has maximum at pressure of several tens of mbar [19] . When source voltage increases from 6 to 8 kV, there is sharp increase of XeCl * emission power comparatively to that under 4.25-5 kV, this is caused by transition from the one-peak mode of current pulse to the two-peak mode in the discharge [11] . The power deposition is mainly absorbed by electrons, which absorb almost between 50-70% of total power deposition. Over a range of 4.25-8 kV the power absorbed by electrons increases with growth of the source voltage while the power absorbed by ions begins to level off with increasing source voltage after 6 kV (Fig. 6c) . This means that only the very light electrons can efficiently absorb the power from the oscillating electric field, while the much heavier ions absorb less power because of very large inertia.
2) EFFECT OF AMPLIUDE AND FREQUENCY VARIATIONS
The slight increase in XeCl * radiation efficiency η 308 of 18-20% with increasing amplitude is attributed to the weak variation of the deposited power distribution between the electrons and ions within the amplitude range of 5-8 kV (Fig. 6a, d) . At smallest amplitude 4.25 kV the total radiation efficiency drastically rises due increase in Xe * 2 radiation efficiency at wavelength 172 nm (Fig. 6a) .
The radiation efficiency η 308 has minimum at frequency 50 kHz. When frequency falls below 50 kHz or raises above 50 kHz, the radiation efficiency at wavelength 308 nm increases and reaches 21% at 100 kHz, we remark also sharp increase in radiation efficiency η 172 at 100 kHz, which reaches about 10 % (Fig. 6e) . We can simply conclude that increase in power deposited into electrons favors rise in the absolute XeCl * emission power and corresponding efficiency (Fig. 6e-h) .
Gulati et al. [17] observed that at 250 mbar Cl 2 content of 4-10% in Xe-Cl 2 mixtures, the maximum of XeCl * emission falls on 25 kHz. But at Cl 2 content of 2% in the mixture the XeCl * intensity displays tendency to saturation. We found that smaller Cl 2 content in the mixture such as 0.5-1% allow to get higher XeCl * emission.
At such small Cl 2 content in Xe-Cl 2 mixture the XeCl * emission power increases with frequency as it shown in Fig. 6(f) .
3) EFFECT OF GAP WIDTH VARIATION
Figs. 7(a) and (b) display efficiencies (i.e., η 147 , η 172 and η 308 ), and the UV power radiation plotted as functions of gap width under amplitude of 5 kV, frequency of 100 kHz and pressure of 200 torr. It is seen that η 308 increases slightly from 18 to 24% when the gap width increases from 4 to 8 mm, but the UV-B emission power remains quasi constant. Figs. 7(c, d) show the distribution of power deposition between different types of charged species at various gap widths.
The power deposited into discharge weakly diminishes when discharge gap increases. The diminution mainly caused by decrease in ions power. So electrons adsorb the most part of the discharge power about 50-65%. At this conditions, the radiation efficiency at wavelength 172 nm (Xe * 2 radiation) is less than about 2%.
The main reaction provides the greatest contribution into generation of XeCl * exciplex molecules is the harpoon reaction Xe * + Cl 2 → XeCl * + Cl, and main reaction provides the generation of Xe * 2 molecules is three-body reaction Xe * + 2Xe→Xe * 2 + Xe. Xe * is mainly generated at electron collisions with Xe atoms: e+Xe→e+Xe * .
Quenching of XeCl * and Xe * 2 molecules is a result of the radiative decay: XeCl * →Xe + Cl + hv (308 nm) and Xe * 2 → 2Xe + hv (172 nm). For the sharp change of the radiation power ratio P 308 /P 172 there needs deposit of other reaction into the molecule balance, such reaction can be electron impact dissociation e + XeCl * → Xe + Cl + e, the role of this reaction increases when electron density grows.
IV. CONCLUSION
We have presented in this paper the numerical investigation of discharge process in the planar Xe-Cl 2 AP DBD, included the effects of operating conditions on the UV-B radiation power and efficiency using the self-consistent 1-D fluid model.
The simplified chemical kinetics for Xe-Cl 2 mixtures is validated by the good agreement of the simulation results with the results obtained using the long scheme of the chemical kinetics. The choice of the simplified chemical kinetics allows decreasing the computational time of the 1-D fluid modeling in two times with keeping the same electrical properties and 3-5% mean squared error for the considered species compared with that obtained using the more long chemistry. The long chemical kinetics, including 21 species and 78 reactions, is simplified to 13 species and 39 reactions with slight deviation in the simulation results.
The simulated results show that the discharges are in typical Glow-like discharge mode, because both the cathode sheath and the region of the quasi-neutral plasma bulk are formed in the discharge gap.
During breakdown, the strong electric field near the dielectric surface brings to that the electrons absorbed approximately 95 % of the total power stimulate the abruptly increase of the discharge current density.
At this time, the cathode fall contracts to sheath of 85 µm thicknesses. In the sheath the number density of XeCl * molecules generated principally with harpoon reactions is very high.
Extensive studying the effects of four key parameters (amplitude, frequency, pressure, and gap width) of the DBD on the power deposition, the emission power and the radiation efficiency has been carried out.
The XeCl * exilamp UV-B emission is determined by two parameters: namely radiation efficiency of UV-B emission and the emission power. Maximal radiation efficiency of UV-B emission of the DBD is obtained at low gas pressure, high frequency of alternating voltage and large gap width. The radiation efficiency weakly depends on amplitude of the source alternating voltage. Emission power of the B→X band of XeCl * grows when frequency or amplitude of the source voltage increases as well as when pressure decreases, but the power depend weakly on the gap width.
A large role for achieving high UV-B emission plays distribution of adsorbed power between electrons and positive and negative ions. Electrons adsorb the most part of the discharge power about 50-65%. At this conditions the radiation efficiency of XeCl * (at 308 nm) comes to 15-35% and the radiation efficiency of Xe * 2 (at 172 nm) is less than about 2%. The larger part of the discharge power is absorbed by electrons, the higher is radiation efficiency. But highest UV-B emission is observed when electrons adsorb about 50-60% or a bit higher percent of the discharge power. In this case an optimum between emission power and radiation efficiency of UV-B emission is achieved.
In addition at some conditions the power absorbed by electrons reaches 70% and higher. At this conditions radiation efficiency of Xe * 2 (at 172 nm) sharply increases and reaches 10% and higher at small increase or even decrease in the radiation efficiency of XeCl * (at 308 nm), also there is observed high emission power at 172 nm. 
